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Abstract 
Desalination is one of the most traditional processes to generate potable water. With the rise in demand for potable water and 
paucity of fresh water resources, this process has gained special importance. Conventional thermal desalination processes 
involves evaporative methods such as multi-stage flash and solar distils, which are found to be energy intensive, whereas reverse 
osmosis based systems have high operating and maintenance costs. The present work describes the Adsorption Desalination (AD) 
system, which is an emerging process of thermal desalination cum refrigeration capable of utilizing low grade heat easily 
obtainable from even non-concentrating type solar collectors. The system employs a combination of flash evaporation and 
thermal compression to generate cooling and desalinated water. The current study analyses the system dynamics of a 4-bed single 
stage silica-gel plus water based AD system. A lumped model is developed using conservation of energy and mass coupled with 
the kinetics of adsorption/desorption process. The constitutive equations for the system components viz. evaporator, adsorber and 
condenser, are solved and the performance of the system is evaluated for a single stage AD system at various condenser 
temperatures and cycle times to determine optimum operating conditions required for desalination and cooling. 
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1. Introduction 
The paucity of available fresh water resources and rising fuel costs demands research on non-conventional 
methods of desalination. The conventional systems for desalination such as multi-stage flash (MSF), Reverse 
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Osmosis (RO) are either highly energy intensive or require high maintenance costs whereas Multi-effect Distillation 
(MED) cannot generate cooling. Further, the most commonly used refrigeration system viz. Vapor Compression 
Refrigeration system (VCRs) is also dependent on high grade energy. Thus, there is a need for a multi-effect system 
that utilizes minimum electricity and has low maintenance. A silica gel-water adsorption desalination (AD) system 
running on low grade thermal energy (<120˚C) is one such solution which consumes minimum electricity as it 
replaces the energy intensive mechanical compression process with thermal compression predominantly requiring 
heat as input. This is particularly advantageous for a solar based heat input system as the low grade thermal energy 
may be easily obtained using non-concentrating type collectors, thus reducing capital cost. Further, due to the lack 
of moving parts during compression and absence of costly membranes for desalination, the system maintenance is 
also inexpensive. The AD system can also generate cooling, thus potentially tackling the dual demands of 
desalination and cooling, beneficial for regions experiencing hot climate. Ng. et al. [1, 2] have compared various 
refrigeration and desalination systems and have reported that silica gel-water AD systems as one of the most cost 
effective and environment friendly solution for desalination and refrigeration. Extensive experimental and 
simulation studies have been performed to investigate the performance of single stage silica gel-water AD system 
[3-7] for various source temperatures. However, relatively less work has been carried out on understanding the 
effect of condenser temperature on its performance. 
The current work presents the simulation study of a proposed laboratory single-stage 4-bed AD chiller cum 
desalination system. The simulation study compares the performance of AD system for various cycle times and 
condenser temperatures to determine the optimum operating conditions. 
 
Nomenclature 
 
A  Area (m2) des  Desorption 
pc  Specific heat capacity (J/kg.K) eff  Effective 
h  Enthalpy (J/kg) evap  Evaporator 
M  Mass (kg) fg  Vaporization 
m  Mass flow rate (kg/s) hw  Hot water 
/cycle dayN  No. of cycles per day i  In 
bedn  No. of beds in  Input 
P  Pressure (Pa) o  Out 
Q  Heat energy (J) s  Silica gel 
pR  Radius of silica gel particle (m) tot  Total 
T  Temperature (°C) w  Water 
t  Time (s)   
U  Overall heat transfer coefficient (W/m2.K) Superscripts 
  cond  Condenser 
Greek symbols evap  Evaporator 
I  Uptake   
  Acronyms  
Subscripts AD Adsorption Desalination 
ads  Adsorption COP Coefficient of Performance 
air  Air RD Regular Density 
ch  Chilled water SDWP Specific Daily Water Production 
cond  Condenser SCC Specific Cooling Capacity 
cw  Cold water   
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2. The adsorption system 
 
Fig. 1 shows the schematic of a laboratory AD system being developed. The system comprises of 4-adsorber 
beds. Brackish water enters the evaporator where it is flash evaporated at the low pressure evapP . This steam now 
enters the adsorber bed assembly wherein it is thermally compressed to the higher condenser pressure condP . The 
thermal compression involves four cyclical processes viz. adsorption, preheating, desorption and precooling whose 
details may be found elsewhere [1, 9]. The steam desorbed from the bed enters the condenser and gets collected in a 
tank. This desalinated water is then pumped out to the atmospheric pressure.  
 
 
 
 
Fig. 1. Schematic of two stage adsorber system 
 
In the present study it is assumed that the system runs in “4-bed mode” i.e. at any instance at least one bed from 
stage-1 is connected to the evaporator and at least one bed is connected to the distribution plenum. Fig.2 shows the 
timing scheme adopted in this study for the 4-beds of each stage. The time for adsorption and desorption are 
assumed to be equal and given by adst , whereas the time for preheating and precooling processes is given by switcht  
(henceforth referred to as switching time). It can be observed from fig.2 that bed-1 and bed-2 have a constant phase 
shift corresponding to the time switcht and so are bed-3 andbed-4. However, bed-1 and bed-3, bed-2 and bed-4 are in 
completely opposite phases. The evaporator and plenum are connected to the adsorbing bed-1 and desorbing bed-3, 
respectively, during the initial time period of switcht . Following that, both bed-1 and bed-2 adsorb steam together 
from the evaporator, and similarly bed-3 and bed-4 together desorb steam to the plenum. However, after a total time 
of adst bed-1 shifts to preheating and bed-3 to precooling process, resulting again in only one-bed being connected 
to the evaporator and another to the distribution plenum. Further, after a total time of switch adst t has elapsed the 
beds reverse their roles, and this time henceforth is called as the half cycle time.  
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Fig. 2. Schematic of the 4-bed timing scheme adopted 
 
The present simulation study aims at development of a numerical system-dynamics model for the AD system 
based on energy and mass balance. The dynamics arising from pressure drops during flow is neglected in this study. 
Further, it is assumed that the hot and cold water tanks are sufficiently large and provide constant temperature water 
output. 
 
3. Mathematical model 
 
The adsorption dynamics is modelled using the linear driving force relation: 
 2 *15 eff
p
Dd
dt R
I I I § ·¨ ¸© ¹
                  (1) 
 
where the expression for effective diffusivity effD used is as presented in [6] and the Tόth isotherm relation [8] is 
used to estimate the equilibrium uptake *I for the regular density (RD) type silica gel plus water pair. The lumped 
model approach is used to describe the energy balance in adsorber beds i.e. the silica gel, adsorbed steam and heat 
exchanging metal is assumed to be at the same temperature. Further, the adsorbed steam is modelled as liquid water. 
Using the aforementioned assumptions, the energy balance for the stage-1 adsorber bed during adsorption and pre-
cooling process can be written in an integrated form: 
, , , ,( ) ( ) ( ) ( )
bed bed ads
p bed s ads p w s ads p w cw cw o cw i
dT dT d
Mc M c M h mc T T
dt dt dt
II T   § ·¨ ¸© ¹
             (2) 
 
The switching parameter 1T  for adsorption and 0T  for pre-cooling process. Similar equation is used for 
modelling desorption and preheating processes. The evaporator energy balance is divided into three parts. During 
the initial period of switcht only one bed from stage-1 adsorber beds interacts directly with the evaporator at any 
given moment. Hence, the energy balance of the evaporator during this period leads to the following equation: 
,1
, , ,,( ) ( ) ( )                           <evap
evap adsevap
p eff s p w ch ch o ch i switchfg P for
dT d
Mc M h mc T T t t
dt dt
I§ ·   ¨ ¸¨ ¸© ¹
           (3) 
 
However, after this period two beds get connected to the evaporator and adsorb steam from it with a phase 
difference, during which the energy balance may be written as: 
,1 ,2
, , ,,( ) ( ) ( )           evap
evap ads adsevap
p eff s p w ch ch o ch i switch adsfg P for
dT d d
Mc M h mc T T t t t
dt dt dt
I I§ ·      ¨ ¸¨ ¸© ¹
          (4) 
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Furthermore, after period equal to adst bed-1 proceeds to preheating process and the evaporator interacts only 
with the bed-2. Hence during this period the energy balance is given by: 
,2
, , ,,( ) ( ) ( )                       < <evap
evap adsevap
p eff s p w ch ch o ch i ads switch adsfg P for
dT d
Mc M h mc T T t t t
dt dt
I

§ ·   ¨ ¸¨ ¸© ¹
          (5) 
For a single-stage system, the beds from stage-1 directly interact with the condenser wherein the temporal 
scheme of modelling the condenser is similar to that for the evaporator. The condenser energy balance can also be 
written in three parts as follows: 
,1
,, , ,( ) ( ) ( )                              <
descond cond
p eff s p air condcondfg P air o air i switch
ddT
Mc M h mc T T for
dt dt
t t
I   § ·¨ ¸© ¹
                   (6) 
,1 ,2
,, , ,  ( ) ( ) ( )             
des descond cond
p eff s p air condcondfg P air o air i switch ads
d ddT
Mc M h mc T T for
dt dt dt
t t t
I I   § ·  ¨ ¸© ¹
          (7) 
,2
,, , ,( ) ( ) ( )                           < <
descond cond
p eff s p air condcondfg P air o air i ads switch ads
ddT
Mc M h mc T T for
dt dt
t t t
I
   
§ ·¨ ¸© ¹
          (8) 
 
The LMTD method is used to model heat transfer to heating/cooling media and estimate its outlet temperature. 
Hence, the following relations can be written for various heat transfer fluids: 
/ , / ,
, /
( )
( ) exp
( )
bed
cw hw o bed cw hw i bed
p w cw hw
UA
T T T T
mc
   ª º« »¬ ¼
                (9) 
, ,
,
( )
( ) exp
( )
evap
ch o evap ch i evap
p w ch
UA
T T T T
mc
   ª º« »¬ ¼
               (10) 
, ,
,
( )
( ) exp
( )
cond
air o cond air i cond
p air cond
UA
T T T T
mc
   ª º« »¬ ¼
              (11) 
 
During the switching process i.e. precooling and preheating processes, the pressure change in the bed is estimated 
by using a combination of mass balance of the bed, ideal gas assumption for the steam and assuming quasi-
equilibrium condition wherein the Tόth isotherm relation can be used. The mass balance of water in steam and 
adsorbed phase can be written as: 
0dessteam bed
ddm M
dtdt
I§ · u  ¨ ¸© ¹                 (12) 
 
Assuming ideal gas behaviour of surrounding steam the bed pressure at any time can then be estimated by using 
the following relation: 
steam bed
bed
bed
m RTP
V
                  (13) 
 
The above two equations have three unknowns viz. steamm , desI and bedP . The third equation used is the Tόth 
isotherm relation which relates the bed pressure bedP to the bed equilibrium uptake desI . All the above equations are 
solved simultaneously using commercial software “Matlab”. The numerical values of various system parameters 
used in simulation are as tabulated in table 1. 
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Table 1: Numerical values of the system parameters used in simulation 
Parameters Value Parameters Value 
,hw iT  85°C ,( )p w cwmc , ,( )p w hwmc  0.21u 4.184 kW/K 
,cw iT  30°C ( )bedUA  0.250[5]u 0.54 kW/K  
evapP  0.9 kPa ( )evapUA
 2u 0.08 kW/K 
condP  3.1-12.5 kPa ( )condUA  (0.080u 0.6) kW/K 
,( )p air condmc  (0.6u 1.005) kJ/K ( )
evap
p effMc  (12u 4.184 + 6u 0.48) kW/K 
bedn 4 ( )
cond
p effMc  4u 0.48 kW/K 
pR 0.8u 10-4 m , evapfg Ph  2490 kJ/kg 
sM  5.6 kg , condfg P
h  2360 kJ/kg 
( )p bedMc  (5.6 u 0.92 + 11u 0.48) kJ/K adsh  2690 kJ/kg 
 
The various input parameters for the present model include the cycle time, switching time and condenser 
temperature. The cycle time determines the degree of saturation of the adsorber beds at the end of adsorption and 
desorption process whereas the switching time determines the pressure at the end of pre-heating and pre-cooling 
process, which in turn is dependent on the operating condenser temperature, as explained subsequently. The output 
parameters chosen for optimization of the AD system viz. the specific cooling capacity (SCC), coefficient of 
performance (COP) and specific daily water production (SDWP) can be expressed as; 
0
0
COP
cycle
cycle
t
evap
t
in
Q dt
Q dt
 
³
³
                 (14) 
 
/
0SCC
cyclet
cycle day evap
tot
N Q dt
M
 
³
                (15) 
 
/
0SDWP
cyclet
ads
cycle day s
tot
d
N M dt
dt
M
I
 
§ ·¨ ¸© ¹³                (16)   
 
where; 
, , ,( ) ( )evap p w ch ch i ch oQ mc T T                  (17) 
 
tot bed sM n M                          (18) 
 
For the system heat input is given by:  
, , ,( ) ( )in p w hw hw i hw oQ mc T T                                (19) 
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4. Results and discussion 
 
Fig.3 shows the bed temperature history for the AD system with half cycle time of 1200s and switching time of 
120s. The heat transferred during adsorption and desorption process is predominantly in the form of heat of 
adsorption, whereas during the switching processes it is in the form of sensible heat transfer to the bed. Thus, it can 
be observed from fig.3 that the temperature swing during switching time is significantly faster than that during 
adsorption and desorption processes. It should be noted that the sensible heat transfer to the bed is undesirable from 
COP perspective as it directly does not contribute to the adsorption/desorption process. Thus, an efficient adsorber 
design should have minimum thermal mass. 
 
 
Fig. 3. Bed temperature variation with time for single-stage system 
 
Fig.4 shows the typical pressure rise curve for a single-stage AD system during preheating phase. It can be 
observed that the pressure rise has an exponential behaviour and achieves a maximum value of 12.5 kPa. Thus, the 
switching time determines the bed pressure at the end of preheat process and hence the condenser temperature that 
the system can operate at. If the pressure at the end of preheat process is lower than the condenser pressure, then 
there exists no flow of steam from bed to condenser during the desorption process. In the current simulation the 
switching time is chosen in a manner that the bed pressure at the end of preheat process is marginally higher than the 
condenser pressure required. Further, it can be concluded that the maximum condenser temperature at which the 
system can operate is the saturation temperature corresponding to 12.5 kPa i.e. 50.5 °C. The switching time used in 
current analysis corresponding to various condenser temperatures is tabulated in Table 2.  
 
 
Fig. 4. Pressure rise during preheat process for ,hw iT = 85ºC and adst = 1200s 
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Table 2. Switching time used for various condenser temperatures 
a) single-stage system  
Condenser temperature Switching time  
ºC s  
25 100  
30 120  
35 150  
40 200  
45 250  
50 300  
 
Fig. 5a)-c) show the variation of COP, SCC and SDWP of the single-stage AD system with half cycle time for 
various condenser temperatures. It can be observed from the figures that the COP of the system increases with 
increasing half cycle time for a given condenser temperature. For a constant condenser temperature the switching 
time remains constant, thus increasing half cycle time leads to an increase in time available for adsorption which 
leads to an increase in heat input to the system. However, this also leads to an increase cooling at the evaporator end 
with the net effect being an increase in COP.  Further, it can be observed from the figure that there exists an 
optimum cycle time in the range of 600-900s for maximising SCC and SDWP, depending on the condenser 
temperature.  Hence, a system cannot be optimized for both COP and SDWP; however the curves for SCC and 
SDWP are similar thus indicating that it is possible to design a system optimized for both desalination and cooling 
capacities. Furthermore, it can be observed from the figure that the increase of condenser temperature leads to 
deterioration in the system performance irrespective of cycle time. This is due to the fact that the increase in 
operating pressure ratio requires higher switching time for bed, which leads to shorter adsorption time. This leads to 
a compromise on bed performance, thus showing a characteristic very similar to any mechanical compressor. The 
analysis performed in this study can be extended to a two-stage system, and its performance be compared with that 
of a single stage. The outcome of such studies will be presented in our future efforts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Single-stage AD system performance for various condenser temperatures. Variation of:  a) COP b) SDWP c) SCC with half cycle times 
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5. Conclusion: 
 
The simulation study of a single-stage AD system has been carried out, evaluating the lumped performance of the 
system for various cycle times and condenser temperatures. However, a detailed analysis to determine the effect of 
geometry of the adsorbers by employing numerical method like finite volume to include the bed thermal diffusivity 
and geometrical parameters is needed to be done. The simulation study shows that the single-stage AD system has 
an optimum half cycle time in the range of 600-900s for maximizing desalination and cooling capacity; however the 
COP increases with increasing cycle time. Thus, a compromise on desalination and cooling capacity has to be made 
for solar based AD system to make it economical. The single-stage system performance degrades drastically with 
increasing condenser temperature due to an increase in operating pressure ratio. This issue may be overcome by 
utilizing a two-stage AD system, which would be studied in detail in our future work. 
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